S U M M A R Y During cementogenesis, dental follicular cells penetrate the ruptured Hertwig's epithelial root sheath (HERS) and differentiate into cementoblasts. Mechanisms involved in basement membrane degradation during this process have not been clarified. Perlecan, a heparan sulfate (HS) proteoglycan, is a component of all basement membranes. Degradation of HS of perlecan by heparanase cleavage affects a variety of biological processes. We elucidated immunolocalization of perlecan and heparanase in developing murine molars to clarify their roles in cementoblast differentiation. At the initial stage of root formation, perlecan immunoreactivity was detected on the basement membrane of HERS. Weak heparanase immunoreactivity was detected in HERS cells. HERS showed intense staining for heparanase as root formation progressed. In contrast, labeling for perlecan disappeared from the basement membrane facing the dental follicle, and weak immunoreactivity for perlecan was detected on the inner side of the basement membrane of HERS. These findings suggest that perlecan removal is an important step for root and periodontal tissue formation. Heparanase secreted by the cells of HERS may contribute to root formation by degrading perlecan in the dental basement membrane. (J Histochem Cytochem 54:1105 -1113 , 2006 K E Y W O R D S Hertwig's epithelial root sheath basement membrane murine model heparanase perlecan root formation cementogenesis TOOTH MORPHOGENESIS is regulated by signal molecules such as transforming growth factor b (TGFb), fibroblast growth factor (FGF), and members of the Hedgehog and Wnt families (Thesleff 2003) . These signals mediate cell communication between epithelial and mesenchymal cells, namely, epithelial-mesenchymal interactions. After tooth crown formation, Hertwig's epithelial root sheath (HERS) formed by inner and outer enamel epithelium induces tooth root and periodontal tissue formation. However, the origin of cementoblast is controversial (Bosshardt and Schroeder 1996) . According to the classic theory, periodontal tissues are formed by the mesenchymal cells in the dental follicle. In cementogenesis, dental follicle cells penetrate the ruptured HERS and differentiate into cementoblasts. Another possibility is that HERS cells undergo an epithelial-mesenchymal transformation and become functional cementoblasts (Bosshardt and Nanci 1998a; Lezot et al. 2000) .
Formation of a mineralized tissue adjacent to the developing root dentin surface is suggested to be dependent on the presence of native components from the basement membrane such as laminin, type IV collagen, and sulfated glycoconjugates (Andujar et al. 1985; MacNeil and Thomas 1993; Arana-Chavez 2001,2004) . Perlecan is a heparan sulfate proteoglycan (HSPG) present in most basement membranes (Hassell et al. 1980) as well as in the extracellular matrix (Iozzo et al. 1994) . Perlecan is believed to play a role in cell growth and differentiation and tissue organization (Iozzo et al. 1994 ) because cleavage of perlecan leads to release of bioactive agents such as growth factors, cytokines, chemokines, lipoproteins, and enzymes from the glycosaminoglycan side chains (Gallagher 2001; Vlodavsky and Friedmann 2001) . Recently, heparanase, an endoglucuronidase, was identified as a key enzyme in the cleavage of the heparan sulfate (HS) chain in perlecan (Hulett et al. 1999; Toyoshima and Nakajima 1999; Vlodavsky et al. 1999) . Degradation of HS by heparanase enables cell movement through extracellular barriers and releases growth factors from extracellular matrix, making them bioavailable (Parish et al. 2001; Vlodavsky et al. 2002) . Heparanase is expressed by epithelial cells, endothelial cells, and activated cells of the immune system in various pathological conditions, as well as in normal development (Vlodavsky et al. 2002) .
Several studies have suggested that HSPG present in the basement membrane of the tooth germ plays an important role in tooth development (Thesleff et al. 1981; Laurie et al. 1982 ). In addition, perlecan immunolocalization in the murine tooth germ has been previously demonstrated on the basement membrane and in the intercellular spaces of the enamel organ, as well as in dental mesenchymal tissues (Ida-Yonemochi et al. 2005) . However, there are no published studies on the relationship between perlecan and heparanase during tooth development. The aim of the present study was to determine the immunolocalization pattern of perlecan and heparanase in the developing murine molar to clarify their roles in root formation.
Materials and Methods
All animal studies were in accordance with the Guidelines for Animal Experiments, Okayama University Graduate School of Medicine, Dentistry, and Pharmaceutical Sciences, Okayama, Japan.
Antibody Against Heparanase
A cysteine-conjugated peptide corresponding to residues 28-45 (DDVVDLEFYTKRPLRSVS), the hydrophilic region of mouse heparanase (GenBank Accession No. AY077467), was synthesized and coupled with a terminal cysteine residue to keyhole limpet hemocyanin. This antigen was injected SC into rabbits, and antiserum was collected. Specific antibody to heparanase was purified with Affi-Gel 10 (Bio-Rad; Hercules, CA) coupled with the peptide.
Protein Extraction, SDS-PAGE, and Western Blotting
Lower molars from 3-week-old ICR mice were extracted, and the crown portion was then cut out using razor blades. Extraction of organic material was performed over a 24-hr period at a temperature of 4C using 4 M guanidine hydrochloride in 50 mM Tris-HCl buffer (pH 9.0) containing protease inhibitor cocktail (Sigma; St Louis, MO) and phosphatase inhibitor cocktail 2 (Sigma). The supernatant (tooth extract) was separated by centrifugation at 14,000 3 g for 10 min, and the extract was dialyzed in PBS for 48 hr and concentrated with acetone. Precipitates were dissolved in 100 ml of sample buffer containing 4% SDS, 20% glycerol, and 5% mercaptoethanol in 100 mM Tris-HCl (pH 6.8).
SDS-PAGE was performed using 10% polyacrylamide gel. Sample was electrophoresed at 150 V for 75 min and then transferred to nitrocellulose membrane using 192 mM glycine and 20% methanol in 25 mM Tris-HCl (pH 8.3) at constant amperage of 50 mA for 40 min. The membrane was immersed in 10% skim milk in 10 mM Tris-buffered saline (TBS) for 30 min to block nonspecific binding and washed with TBS containing 0.05% Tween 20. The membrane was then incubated with rabbit anti-heparanase antibody (1 mg/ml) or rat anti-perlecan monoclonal antibody (Chemicon International; Temecula, CA) diluted 1:2000 for 12 hr at 4C, followed by incubation with horseradish peroxidase-conjugated anti-rabbit IgG (Sigma) or anti-rat IgG (Sigma) for 1 hr at room temperature. Immunoreactivity was visualized using ECL1 Western blotting detection reagents (Amersham Pharmacia Biotech; Buckinghamshire, England) according to the manufacturer's instructions.
Tissue Preparation for Histology
In this study, 1-, 2-, and 3-week-old ICR mice were used. Mice were anesthetized with sodium pentobarbital and perfused through the left ventricle with 4% paraformaldehyde and 0.1% glutaraldehyde in 0.05 M phosphate buffer (pH7.4) for light microscopy, or an acid-alcohol fixative composed of 96% ethanol, 1% glacial acetic acid, and 3% distilled water was used for perlecan immunohistochemistry (IHC) (Folkvord et al. 1989 ). Mandibles were dissected, immersed in the same fixative for 2 hr at 4C, and decalcified in 5% EDTA, pH 7.4, for 2 weeks at 4C.
For light microscopy, specimens were dehydrated in a graded ethanol series and embedded in paraffin. Four-mm-thick sections were cut, dewaxed with xylene, and stained with hematoxylin and eosin.
Perlecan and Laminin IHC
Sections were transferred to 5 mM periodic acid for 10 min at room temperature to block endogenous peroxidase and then immersed in PBS containing 10% BSA for 30 min. For IHC study of perlecan, sections were treated with 15,000 U/ml of hyaluronidase (Sigma) in PBS for 30 min at 37C. Localization of laminin was used to indicate basement membrane preservation in double immunofluorescence labeling. After washing in PBS, sections were incubated with an anti-laminin polyclonal antibody diluted 1:100 (Sigma) and an anti-perlecan monoclonal antibody diluted 1:200 (Chemicon) for 12 hr at 4C. For immunofluorescence, sections were incubated with Alexa Fluor-594 goat anti-rabbit IgG (diluted 1:200; Molecular Probes, Eugene OR) and Alexa Fluor-488 goat anti-rat IgG (Molecular Probes) diluted 1:200 for 1 hr at room temperature. Sections were then examined under an All-in-one Type Fluorescence Microscope (BZ-8000; Keyence, Osaka, Japan) using BZ Analyzer Software (Keyence).
Osteopontin, Bone Sialoprotein, and Cytokeratin IHC
Sections were treated with 0.1% trypsin (Sigma) in PBS for 15 min at room temperature. After washing in PBS, sections were incubated with an anti-cytokeratin monoclonal antibody (Nichirei; Tokyo, Japan) and an anti-osteopontin polyclonal antibody diluted 1:1000 (Nakamura et al. 1997) or an anti-bone sialoprotein polyclonal antibody diluted 1:500 (LSL; Tokyo, Japan) for 12 hr at 4C. For immunofluorescence, sections were incubated with Alexa Fluor-594 goat anti-rabbit IgG (Molecular Probes) diluted 1:200 and Alexa Fluor-488 goat anti-mouse IgG (Molecular Probes) diluted 1:200 for 1 hr at room temperature. Sections were then examined under the microscope (Keyence).
Heparanase IHC
For IHC study of heparanase, sections were transferred to 5 mM periodic acid for 10 min to block endogenous peroxidase. After blocking with 10% BSA for 30 min, they were incubated with an anti-heparanase polyclonal antibody (3 mg/ml) for 12 hr at 4C. Sections were then incubated with a secondary antibody (ChemMate ENVISION; Dako Cytomation, Carpinteria, CA) for 1 hr at room temperature. After washing with PBS, immunoreactivity was visualized by immersion in a DAB-H 2 O 2 solution (0.05% DAB and 0.01% H 2 O 2 ) in 0.05 M Tris-HCl buffer, pH 7.6) for 10 min at room temperature. Sections were then stained with hematoxylin, dehydrated, and observed under the microscope (Keyence).
Controls
Control sections were incubated with rat, mouse, and rabbit IgG preimmune serum or without a primary antibody.
Results
Western Blotting Analysis Anti-heparanase antibody reacted with a 42-kDa band in the tooth extract ( Figure 1A ). No other band was detected with this antibody. Anti-perlecan antibody reacted with a broad band (.250 kDa) in the tooth extract, as well as with 130-and 115-kDa bands ( Figure 1B) .
Light Microscopy and Localization of Cytokeratin
At the initial stage of root formation, HERS was formed by inner and outer enamel epithelial cells (Figure 2A) . During root formation, odontoblasts were aligned on the pulpal side of the root dentin. Cells separated from HERS were seen in the periodontal ligament ( Figure 2B ). Both acellular and cellular cementum were present on the dentin as root formation progressed ( Figure 2C ). Cementoblasts located on the cementum surface and cementocytes buried in the cementum matrix were also seen ( Figure 2D ). Epithelial rests of Malassez were seen among the periodontal ligament ( Figure 2E ).
Localization of Laminin and Perlecan
During root formation, the basement membrane surrounding HERS showed intense immunoreactivity for laminin ( Figures 3A, 3C, and 3G ). The basement membrane of epithelial rests of Malassez also showed laminin-positive labeling ( Figure 3I ). Discontinuous laminin reactivity was detected on the root surface ( Figure 3E ). Perlecan was present throughout the basement membrane at the initial stage of root formation ( Figure 3B ). With progressing root formation, perlecan labeling was scarce on the basement membrane facing the dental follicle, although it was visible at the tip of HERS ( Figure 3D ). At the late stage of root formation, weak immunoreactivity for perlecan was detected on the inner side of the basement membrane of HERS ( Figure 3H ). The root surface did not show perlecanpositive immunoreactivity ( Figure 3F ). The periodontal ligament and basement membrane of epithelial rests of Malassez exhibited positive immunoreactivity for perlecan ( Figures 3H and 3J) , and perlecan labeling was also detected in odontoblasts and predentin ( Figure 3J ).
No specific immunoreactivity was observed in the control sections incubated with rat and rabbit IgG or without primary antibody (data not shown).
Localization of Cytokeratin and Osteopontin or Bone Sialoprotein
At the late stage of root formation, cytokeratin-positive immunoreactivity was seen in the cells of HERS, cells of fragments of HERS, and epithelial rests of Malassez ( Figures 4A and 4B ). Strong osteopontin labeling was observed on cementum matrix of acellular and cellular cementum ( Figure 4A ). Very little immunoreactivity for bone sialoprotein was seen on acellular cementum matrix ( Figure 4B ). No colocalization of cytokeratin and osteopontin or bone sialoprotein was detected in the cells of HERS, cells of fragments of HERS, and epithelial rests of Malassez ( Figures 4A and 4B) . 
Localization of Heparanase
At the initial stage of root formation, weak heparanase expression was detected in the cells of HERS ( Figure 5A ). During root development, intense heparanase immunoreactivity was detected in the cytoplasm of the inner and outer cells of HERS ( Figures 5B-5D ). Cells separated from HERS also showed heparanase-positive labeling (Figures 5B and 5E) . At advanced stages of root development, immunoreactivity was detected in the cells of epithelial rests of Malassez ( Figure 5C ).
No specific immunoreactivity was detected in the control sections incubated without a primary antibody or with preimmune rabbit serum (data not shown).
Discussion
In this study we demonstrated localization of perlecan and heparanase during root formation in murine molars. The protein core of perlecan consists of five different domains, and the molecular mass of perlecan is reportedly 
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Perlecan and Heparanase in Root Formation z400 kDa (Noonan et al. 1991) . In present Western blotting analysis, perlecan was found in tooth extract as rather broad bands with a molecular mass .250 kDa. It is possible that the smaller molecular mass bands at 130 and 115 kDa visibly represented degradation products. Degradation occurs by multiple classes of enzymes that need to act coordinately. In addition to the action of heparanase on degrading glycosaminoglycan, the protein component of HSPG is cleaved by other enzymes. Thus, enzymes secreted from dental tissues such as matrix metalloproteinase and plasmin (Whitelock et al. 1996; Zhou et al. 1999; Winter et al. 2005 ) may be associated with perlecan degradation.
Western blotting analysis revealed that the peptide antibody for heparanase reacts with a 42 kDa band in tooth extract. This molecular mass is similar to the calculated mass of the larger fragment of mouse heparanase (43.2 kDa) (Miao et al. 2002) .
As root formation progressed, perlecan disappeared first from the basement membrane facing the dental follicle. Perlecan was then scarce on the outer side of the basement membrane of HERS with the progression of root formation. Conversely, heparanase localized in the cells of HERS. Results of the present study suggest that heparanase is involved in the degradation of perlecan in the dental basement membrane.
We have demonstrated intense immunoreactivity for heparanase in the cells of HERS, suggesting that cells of HERS are involved in the degradation of basement membrane components by secreting heparanase during tooth morphogenesis. It is also feasible that heparanase-labeled cells could contribute to degradation of the HS chain present in periodontal ligament. Moreover, perlecan labeling was scarce on the basement membrane facing dental follicle with progressing root formation. This evidence suggests that perlecan degradation by heparanase derived from HERS is involved in rupture of HERS. Furthermore, intense immunoreactivity for heparanase was seen in cells that had separated from HERS. At the same stage, the inner basement membrane that had been in contact with the fragmented HERS was devoid of perlecan and HS (data not shown), despite the fact that it contained laminin and type IV collagen (data not shown). It is conceivable that heparanase-labeled fragment cells could participate in degradation of perlecan present in the separated basement membrane prior to degradation of laminin and type IV collagen.
It has been shown that all odontogenic epithelia are stained by the antibodies AE1 and AE3 (Sun et al. 1984 ). These antibodies have been used together to study immunolocalization of the tissue distribution of keratins, various diseases of the epidermis, the oral mucosa, and epithelial development, as well as to distinguish carcinoma from non-carcinoma (Sawaf et al. 1991) . We also found colocalization for heparanase and cytokeratin in the HERS cells, fragment cells of the HERS, and cells of epithelial rests of Malassez, suggesting that cytokeratinpositive cells secrete heparanase during root formation.
According to the classical theory, the dental follicle proper, and perhaps also the perifollicular mesenchyme, give rise to periodontal ligament fibroblasts, osteoblasts, and cementoblasts (Ten Cate 1997; Cho and Garant 2000) . Mature cementoblasts secrete initial cementum matrix on the root dentin. Osteopontin and bone sialoprotein, major non-collagenous proteins of cementum, are expressed by cementoblasts during early stages of tooth root development (Bosshardt et al. 1998b ). However, an alternative is that cells of HERS undergo an epithelial-mesenchymal transformation (Bosshardt and Nanci 1998a; Lezot et al 2000) . We performed IHC studies to determine whether the cytokeratin-positive cells located in the periodontal ligament exhibit osteopontin and bone sialoprotein. We demonstrated immunolocalization of cytokeratin in the cells of HERS, cells of fragments of HERS, and epithelial rests of Malassez. However, immunoreactivity for osteopontin and bone sialoprotein was not detected in cytokeratin-positive cells. Therefore, we could not conclude that cells derived from HERS could acquire the cementoblast phenotype. Further research is needed to identify transforming cells and to determine the origin of cementoblasts.
Cleavage of HS chains by heparanase is known to induce cell growth and cell migration by releasing HSbinding cytokines and growth factors such as basic fibroblast growth factor (bFGF) (Ishai-Michaeli et al. 1990 ). It has also been shown that bFGF is released by biologically relevant enzymes such as plasmin, collagenase, and heparanase, which may have a role in the regulation of the growth factor activity (Whitelock et al. 1996) . Perlecan has been shown specifically to bind bFGF, which binds to the HS on domain 1 of perlecan (Iozzo et al. 1994) . Thus, perlecan is a potent modulator of cell growth. Using experimentally induced periodontal defects in beagle dogs, it has been demonstrated that bFGF accelerates healing of periodontal tissues, particularly cementum and periodontal ligaments (Murakami et al. 2003; Sato et al. 2004 ). In addition, it has been reported that bFGF is found predominantly within the dental basement membrane of HERS and the mesenchyme in early stages of tooth formation (Cam et al. 1992; Russo et al. 1998 ). These results suggest that bFGF may enhance proliferation and migration of dental follicular cells that develop into cementoblasts and periodontal ligament cells. In this study, perlecan disappeared from the basement membrane facing the dental follicle as root formation progressed, and heparanase was observed in the cells of HERS. Hence, heparin-binding growth factors such as FGF and TGFb may be released from the HS chain by heparanase. Heparanase might be involved in the differentiation of cementoblasts by cleaving of HS chains of perlecan in the dental basement membrane, although eruption forces and mechanical stress are also important to cementoblast differentiation. The precise mechanism of cementoblast differentiation needs to be validated.
In conclusion, we provide the first evidence that perlecan disappears from the basement membrane of HERS and the fragmented HERS with the progression of root formation. In contrast to perlecan, heparanase localizes in the cells of HERS, the fragmented HERS, and the cells of epithelial rests of Malassez. Thus, our studies suggest that heparanase secreted by the cells of HERS contributes to root formation by degrading perlecan in the dental basement membrane.
